Abstract: The objective of this study was to develop continuously tunable optical notch filters by combining four left-and right-handed circular cholesteric liquid crystal (CLC) cells without subsidiary optical components. By rotating each filter, the photonic band position could be continuously blue shifted over 100-nm spectral range. Using four notch filter sets with four different chiral dopant concentrations, spectral range from 440 to 870 nm could be covered. Since each CLC cell has only one chiral dopant concentration, it could be stable for a long time. Each filter is independent of polarization in the spectral range. Filter performance was highly enhanced by introducing an anti-reflection layer on the filter device. There was no light leakage inside the photonic band. Outside the band, transmittance was about 70%-100%. In addition, these filters had stable operation under extremely high laser intensity (∼124 W/cm 2 of CW 532-nm diode laser and ∼4.43 MW/cm 2 of Nd: YAG pulse laser operation for 2 h) without showing damage. Such filters also have functions as a mirror and a beam splitter. Depending on CLC materials, this simple and easy strategy could be used to prepare filters for applications in VIS and NIR spectral range devices.
Introduction
Tunable optical filters are essential components of various devices to selectively manipulate optical signals in broad UV, VIS, and NIR spectral range, including imaging Raman spectroscopy, multi-photon microscopy, laser-based fluorescence, astronomical telescopes, and supercontinuum lasers, biomedical applications and optical communication systems. Thus, various kinds of tunable optical filters have been developed by controlling the refractive index or the birefringence of electrooptic materials [1] - [10] . Among them, cholesteric liquid crystals (CLCs) have been intensively studied to develop tunable filters [6] - [10] , tunable laser devices [11] - [14] , multichannel photonic devices for optical communication [15] , [16] and reflective color display devices [17] , [18] due to their great potential in optical devices applications. CLCs are one dimensional chiral photonic crystal with self-assembled periodic helical nano structure which consists of nematic liquid crystals (NLC) and chiral molecules. One of the unique optical properties of CLC is Bragg reflection. For circularly polarized light having the same handedness as that of the CLC, a selective reflection occurs in the central wavelength λ = n × p with bandwidth λ = |n e − n 0 | × p , where n is the average reflective index, pitch (p ) is the length for one full rotation of the director around the helix axis and n o and n e are ordinary and extraordinary refractive indices of the liquid crystal, respectively, [6] - [14] , [17] , [18] . Optical characteristic properties of CLCs such as pitch and birefringence of nematic liquid crystal ( n) of CLCs could be controlled by changing chiral dopant concentration [19] , temperature control [12] , [20] , UV curing [21] - [25] , and applying an electric field [26] - [28] . By adjusting the birefringence of nematic liquid crystal, n o and n e , photonic band gap (PBG Bragg reflection) width could be controlled.
In our previous study, we have achieved continuously tunable and bandwidth variable optical notch and band-pass filters with spectral range from ∼460 nm to ∼1000 nm by combining cholesteric liquid crystal wedge cells with pitch gradient [10] . However, there was light leakage of ∼3% inside the band of filters while transmittance outside the band was low (from 70% to 40%). And to make well-developed pitch gradient in the wedge CLC cell [10] , long time, at least two months is required. Furthermore, the developed pitch gradient in the CLC cell has no good long-time stability. To enhance contrast of the filter and overcome disadvantages of previous filters with pitch gradient, the objective of this study was to develop a new strategy to obtain continuously tunable optical notch filters with high performance by introducing an anti-reflection layer on the filter device and by combining four left-and right-handed circular CLC parallel cells with one pitch. The wavelength tuning mechanism of the filter is just rotation of CLC cells. Over 100 nm spectral range without band deformation, the filter performance was very high. As a result, employing CLC cells with four different chiral dopant concentrations at spectral range from 440 nm to 870 nm could be covered. Key advantages of this new strategy are that CLC filters are taking only one chiral dopant concentration without taking a long time to form a pitch gradient and that stability of the filter can be secured for a long period of time. Furthermore, compared to other strategies that require onerous additional instruments systems for temperature control [12] , the UV curing [21] - [25] , and applying an electric field [26] - [28] , our new strategy is very simple in setup because only one rotator is needed for tuning the wavelength position of the filter. In addition, wavelength position of the filter can be exactly controlled reversibly by adjusting the rotation angle of the CLC cell. Moreover, there is no deformation of the helical nano structure by external forces such as electric fields or temperature. Experimentally measured data fitted well with theoretically calculated data using the 4 × 4 matrix method [29] - [31] , thus confirming the exactly tuned band wavelength position by rotation of the filter. To the best of our knowledge, wavelength tunable notch filter with spectral range over 100 nm without band deformation by rotation has not been previously reported. Another very interesting result was that these filters had stable operation under extremely high laser intensity (∼124 W/cm 2 of CW 532 nm Diode laser and ∼4.43 MW/cm 2 of Nd: YAG pulse laser operation for two hours) without showing damage. These filters also had functions as a Mirror and an intensity variable Beam Splitter. Such filters not only could be applied to a broad spectra range and high power laser intensity but also offer low cost with dramatically simple fabrication process, simple mechanical control, and small size. Thus, this strategy could be utilized to prepare filters for various applications in devices with VIS and NIR spectral range.
CLC-Cell Fabrication
Properties of the substrate that makes up the filter can affect the transmittance and reflectance of the filter. To compare effects of three different substrates, BK7 plates, BK7 plates coated with anti-reflection layer on one side, and soda lime (SL) plates coated with ITO layer on one side were used. Anti-reflection (AR) coating on BK7 plate was done with 0.6 μm thickness (Yunam Optics Co., Korea, detailed coating conditions correspond to trade secretes) at spectral range from 400 nm to 1000 nm. Liquid crystal alignment layer of polyimide (PI) (SE-5291, pretilt angle of 6°∼7°, Nissan Chemical Korea Co. Ltd., Korea) was spin coated on BK7 and ITO surfaces of plates, resulting in fabrication of three kinds of multilayer plates; PI/BK7, PI/BK7/AR-layer, and PI/ITO/SL. After the PI layer was thermally treated for crosslinking, PI layer was rubbed with rubbing cloth (HC20, cotton, NESTECHNOLOGY Co., Ltd, Korea). To check the effect of these three different substrates, we made three parallel left-handed circular CLC cells (L-CLC) by the capillary method. They were filled with the same chiral molecular concentration of S811 (26 Wt. %) CLC. However, cells were made by three different kinds of multilayered plates: L3 (∼30 μm thickness), L5 (∼10 μm thickness), and L6 (∼10 μm thickness) cells by PI/BK7/AR-layer plates, PI/BK7 plates, and PI/ITO/SL plates, respectively ( Fig. 1) . We then compared their PBGs and transmittance (Fig. 2) . To study tunable filter, empty parallel cells (∼30 μm thickness) were fabricated using plates of PI/BK7/AR-layer (∼22 mm × 45 mm × 1 mm). Eight CLCs with different left-and right-handed chiral dopant concentrations were then filled to cells by capillary method. Left-handed circular CLC cells (L-CLC) and right-handed circular CLC cells (R-CLC) were filled by mixing nematic liquid crystal MLC6608 and chiral material S811 for left-handed circular helicity and chiral material R811 for right-handed circular helicity (all from Merck, Korea), respectively. To cover broad VIS to NIR spectral range, concentrations of chiral dopants of the CLCs were adjusted to have PBG center wavelength positions at 853 nm (L1; 17.5 Wt. % and R1; 18 Wt. %), 708 nm (L2; 22 Wt. % and R2; 21 Wt. %), 589 nm (L3 and R3; 26Wt. %), and 528 nm (L4 and R4; 31 Wt. %) at room temperature (Fig. 1) . To check the stability of filters for high laser power of CW Diode laser and ND: YAG laser with 532 nm wavelength, we additionally made L-CLC (S811, ∼30 wt. %) cells and R-CLC (R811, ∼30 wt.%) cells with ∼10 μm and ∼30 μm thickness by using PI/BK7/AR-layer plates so that PBG center positions were at ∼532 nm. Transmitted band spectra of CLC cells and filters were measured by a spectrometer with a resolution of 0.36 nm (HR 2000+, Ocean Optics, USA). Fig. 2 shows transmittances of three parallel CLC cells with the same L-CLC material but made by three different substrates using PI/BK7/AR-layer plates (L3), PI/BK7 plates (L5), and PI/ITO/SL plates (L6). When transmittance behaviors of these three CLC cells were compared, L3 was relatively superior to L5 and L6. Inside the band near 590 nm, the reflectance of all cells was approximately 50%. However, despite the same CLC concentration was used in each cell, the PBG position of the curve differed by ∼10 nm (comparing a, b, and c curves in Fig. 2 ). These PBG differences caused by boundary condition of the cell, or cholesteric helical pitches were quantized by the number of half turns between two substrates of the cell [11] - [13] , [29] . Outside the band, there was large difference in transmittance. The transmittance of the L5 cell without the AR-layer was ∼90% over the spectral range whereas the transmittance of the L3 cell with the AR-layer was approximately 95% around 450 nm∼600 nm and ∼100% at spectral range over 600 nm. The PI/ITO/SL plate has been widely used for CLC cell fabrication due to its good flatness and ease with using electrodes [11] , [26] . Therefore, we also compared transmittance of previous CLC cells. The transmittance outside the band dramatically decreased from 90% to 65% when wavelength was increased (Fig. 2c) . This serious behavior is due to refractive index mismatch between neighboring layers of the CLC/PI/ITO/SL/air of the substrate. In our previous filter devices, similar results have been obtained with notch filter and band-pass filter [10] . Thus, the transmittance is not only influenced by the CLC material, but also influenced by the boundary condition of the layers of the cell. As seen in Fig. 2 , the AR-layer on BK7 (or glass) substrate could improve the refractive index mismatch between air and glass layers of the CLC cell. We can conclude that the AR-layer on the surface of BK7 CLC cells is a vital factor to greatly improve transmittance and solve light leakage problem in the notch filter. To study tunable filter, CLC cells were then all fabricated with PI/BK7/AR-layer plates. Moreover, near the PBG edges of L5 and L6 cells with thickness of ∼10 μm, there were large oscillations in transmittance. In contrast, there was small oscillation in transmittance of L3 cell whose thickness was ∼30 μm. To remove unnecessary oscillation near the PBG, the required cell thickness is approximately ∼30 μm [10] . Fig. 3a shows experimental setup for measuring the transmittance of the CLC cells and the notch filter. For the notch filter, 1-set CLC notch (including an L-CLC cell and an R-CLC cell and a waveguide W1 of 400-μm diameter) or 2-set CLC notch (including two L-CLC and two R-CLC cells and W1) was employed. To change the wavelength position of band of filters, these CLC cells were rotated with a rotator. Light signals from these cells were acquired through waveguides using spectrometer (USB2000+). A CLC cell structure with AR-layer on BK7 is shown in Fig. 3b. Fig. 3c shows measured transmittances of L-CLC cells (L1, L2, L3 and L4) and R-CLC cells (R1, R2, R3 and R4).
Experimental Results and Discussion
Previously, it has been reported that the PBG position of CLC could be blue shifted upon rotation [29] . In the present study, we employed this blue shift behavior of CLC cells in order to obtain a continuously tunable notch filter. First, we examined changes in PBG position upon rotation of the L-CLC cell (L2) in Fig. 1 . Fig. 4 index (n o ) of 1.4730, and extraordinary refractive index (n e ) of 1.5582; for BK7, thickness of 1 mm and refractive index of 1.5129. In the theoretical fitting, the polyimide (PI) layer was ignored. Due to AR-layer on BK7 in the CLC cell structure (Fig. 3b) , the reflectance at each boundary surface of air/AR-layer/BK7/CLC layers was also ignored. At these three incident angles, the measured band position and bandwidth for PBGs were somewhat coincident with theoretical calculations. At oblique incident angle of 50 o , the transmission rate was approximately 5% smaller than expected. This seems to be due to optical path that is slightly off the detector, W2.
When comparing results in Fig. 4(a) and Fig. 2 , there was another difference between measured data and theoretically fitted data curves near band edges. At a thickness of ∼30 μm, measured transmittance values were gently decreased. However, at a thickness of ∼10 μm, transmittance values oscillated greatly. In theoretically fitted curves, large oscillations occurred near the band edge at both thicknesses. It seems that in the theoretical calculations, CLC molecules are assumed to form a perfect helical structure regardless of CLC thickness. However, in a real CLC cell with thin thickness, these molecules could be aligned with the perfect helical structure by cooperation between anchoring force of the alignment layer and helical rotary powers of chiral molecules. Therefore, the transmittance oscillated near the band edge (Fig. 2) . However, as the film thickness increased, it was harder to form a perfect helical structure due to weak cooperation in the bulk area far from the alignment layer because the helical structure of molecules in the CLC cell originated from the cooperation of the anchoring energy between CLC molecules and the alignment layer (PI) and the helical rotary power of chiral molecules [33] . To apply the CLC cell to a practical filter device, the oscillation near the band edge is a decisive disadvantage. Based on results of this study, an appropriate thickness for the CLC filter would be ∼30 μm. For normal incidence angle data (Fig. 4a) , the transmittance decreased from 100% to 95% when wavelength was decreased from 600 nm to a short wavelength due to refractive index mismatch that still existed slightly between the air/AR-layer/BK7/PI/CLC layers, although there was AR coating on BK7.
On the other hand, blue-shifted central wavelengths of the band with an oblique incident angle could be roughly estimated without exact calculations using the 4 × 4 matrix method and the following formula:
, and n 2 = (n 2 e + 2n 2 o )/3, where λ is incident wavelength, n is average refractive index, p is pitch, θ is incidence angle, n e is extraordinary and n o is ordinary refractive index [29] . Experimental (theoretical) central wavelengths of bands were 597 nm (597 nm), 564 nm (563 nm), and 518 nm (514 nm) at incident angles of 0 o ( ), 30 o (•), and 50 o ( ), respectively [29] . Taken together, these results indicate that a continuously tunable notch filter can be realized by simultaneously rotating L-CLC and R-CLC cells. Fig. 4b shows principle of a notch filter: when an L-CLC and an R-CLC have same PBG wavelength position, for unpolarized incident light, left circularly polarized light in the band is reflected at L-CLC and right circularly polarized light in the band is reflected at R-CLC, in turn. Fig. 5a , b, c, and d show notch spectra that are blue-shifted continuously and the FWHM of the photonic bands that is almost unchanged by rotation from 0°to ∼ 60°after rotating 1-set CLC notches of (L4 and R4), (L3 and R3), (L2 and R2), and (L1 and R1) in the experimental setup (Fig. 3a) , respectively.
The transmittance outside the band was almost 70%∼100% in a spectral range. However, as the incident angle increased, light leakage in the band appeared and increased up to ∼10%. For practical applications, the light leakage of ∼10% in the band was not allowed in a notch filter device. As the angle of incidence increased, light leakage in the band appeared and increased, However the rate of the light leakage is smaller in the single CLC cell. To solve this light leakage problem in the band, we applied multiple cell reflection method by using 2-set CLC notches consisted of two L-CLC cells and two R-CLC cells with same PBG position using 2 × (L1 and R1), 2 × (L2 and R2), 2 × (L3 and R3), and 2 × (L4 and R4) cells, respectively. a', b', c', and d' show notch spectra by rotation using 2-set CLC notches. There was no light leakage in the band. Although the transmittance outside the band was decreased to 2∼10%, it is not a problem using it as a notch filter device. Using CLC cells with four different chiral dopant concentrations, spectral range from 440 nm to 870 nm could be covered. Without distortion of the band's shape, each band position of the filter could be determined and controlled reversibly by adjusting rotation angle of the cells. Because each CLC cells has one chiral dopant concentration, they could be permanently stable. One of the problems of LC based devices is the arrangement dependency on temperature. So for the stable operation, one needs to keep ambient temperature constant.
Another important factor for a good filter is that a high laser power can be used without damage the filter if the filter is actually used in a device. To study the stability of filters under operation with high laser power, we used a 532 nm CW Diode laser with maximum power of ∼124 W/cm 2 and a second harmonic generation 532 nm from a Q-switched Nd: YAG laser (pulse width of ∼7 ns, 10 Hz). For power stability study, additionally we made notch filters consisted of an L-CLC (S811, ∼30 wt%) cell and an R-CLC (R811, ∼30 wt%) cell so that the PBG center positions were at ∼532nm. A notch filter 1 (NF1) with ∼10 μm thickness, a notch filter 2 (NF2) with ∼30 μm thickness, and a notch filer 3 (NF3) which consisted of NF1 and NF2 were used. Fig. 6 . shows transmittance of filters operated under various input Diode laser power. Data ( ), (•), and ( ) are for NF1, NF2, and NF3, respectively. With high power up to ∼124 W/cm 2 , transmittances of NF1 and NF2 were near 2∼3%. Interestingly, the transmittance of NF3 was less than 0.2%. Inset of Fig. 6 shows PBGs of R-CLC (∼30 μm) and L-CLC (∼30 μm) . Fig. 7 shows stability of transmittance of NF3 operated at high laser powers for ∼2 hours. Data (•) are for 532 nm CW diode laser at ∼124 W/cm 2 and data ( ) are for pulsed 532 nm Nd: YAG laser at ∼4.43 MW/cm 2 power. Interestingly, after long time exposure under extremely strong laser powers, the transmittance was kept at average less than 0.2%. There was no damage on the filter.
From results shown in Figs. 7 and 8, it can be concluded that the photonic band of the notch filter could also act as a mirror for high power lights. Fig. 8 shows transmittance of NF2 via rotation angle for the 532 nm Diode laser at power of ∼124 W/cm 2 . From −22
• to 22
• incident angle range, it acted as a mirror with ∼98% reflectance. At angles greater than 22
• , there was a function of intensity variable beam splitter with varying angles.
Conclusions
We developed continuously tunable optical notch filters by combining four left-and right-handed circular CLC cells without subsidiary optical components such as polarizers or phase retarders.
Their optical characteristics were then studied. Filter performance was highly enhanced by introducing an anti-reflection layer to the filter device. By rotating the filter, regardless of the direction of rotation, photonic band positions are continuously blue shifted at spectral range over 100nm. They could be exactly controlled without band deformation. Using four filter sets with four different chiral dopant concentrations, spectral range from 440 nm to 870 nm could be covered. The tuning spectral range could be expanded as much as possible by adjusting the concentration of chiral molecules in CLC. Since each CLC cell has only one chiral dopant concentration, it can secure higher stability in time. Each filter is polarization independent in the spectral range. There was no light leakage inside the photonic band. Outside of the band, transmittance was ∼70%∼100%. In addition, these filters showed stable operation under extremely high laser intensity (∼124 W/cm 2 of CW 532nm diode laser and ∼4.43 MW/cm 2 of Nd: YAG pulse laser) for two hours without showing damage. These filters also have functions of Mirror and intensity variable Beam Splitter. Depending on CLC materials, this simple and easy strategy could be used to prepare filters for applications in optical devices at VIS and NIR spectral range.
